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A three-dimensional index-stress distribution (3DISD) measurement method for determining concur-
rently the refractive-index distributions (RIDs) and residual-stress distributions (RSDs) in optical fibers
is presented. Themethod combines the quantitative-phase microscopy technique, the Brace–Köhler com-
pensator technique, and computed tomography principles. These techniques are implemented on a com-
mon apparatus to enable concurrent characterization of the RID and the RSD. Measurements are
performed on Corning SMF-28 fiber in an unperturbed section and in a section exposed to CO2 laser
radiation. The concurrent measurements allow for the first accurate comparison of the collocated
RID and RSD. The resolutions of the refractive index and stress are estimated to be 2.34 × 10−5 and
0.35 MPa, respectively. © 2012 Optical Society of America
OCIS codes: 060.2270, 060.2310, 060.2400, 110.0180.
1. Introduction
Optical fiber technology continues to advance rapidly
as a result of the increasing demands on communica-
tion systems and the growing field of fiber-based
sensing. New optical fiber types to control loss, dis-
persion, and nonlinear effects are required to permit
higher data rates, more channels in wavelength-
division multiplexing systems, and more flexible
installation requirements to bring optical signals
closer to the end user [1,2]. Fiber-based communi-
cation components enable crucial signal manipula-
tion capabilities, including coupling, filtering, and
amplification [3]. Fiber-based sensors are continu-
ally being developed for a broad range of sensing
applications, including environmental, medical,
structural, industrial, and military. Sensors that
use the intrinsic properties of the fiber as a sensing
mechanism, referred to as intrinsic fiber-based
sensors, possess the inherent advantages of optical
fibers. They are small in size, immune to electro-
magnetic interference, resistant to many hazardous
chemicals, and capable of remote monitoring.
Furthermore, fibers are readily available because
of the vast extent of the telecommunications indus-
try. As optical fibers and fiber-based devices continue
to advance, the need to understand their fundamen-
tal physical properties simultaneously increases.
Physical properties, such as size, refractive-index
distribution (RID), and residual-stress distribution
(RSD), affect the performance of optical fibers and
are important for modeling, design, and evaluation.
The RID in an optical fiber is fundamental in deter-
mining its transmission properties. In fibers with azi-
muthally symmetric RIDs, the step-index profile
provides the simplest design. However, graded-index
designs are necessary to minimize the differential
group delay in multimode fibers. In single-mode
fibers,RIDswithgraded-index,multistep, triangular-
core, and trapezoidal-core designs are used to
minimize loss, control mode-field distributions, and
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control dispersion [4]. New fiber types with larger
mode-field areas allow for increased input powers
whilemaintaining sufficiently low intensities to avoid
nonlinear effects [1]. RIDs with low-index trenches in
the cladding greatly reduce bending losses to permit
relaxed installation requirements for applications
such as fiber-to-the-home [2]. Azimuthally asym-
metric RIDs, such as elliptical-core designs, are used
to make polarization-maintaining fibers.
The RID is also important in fiber-based commu-
nication components and sensors. The custom de-
sign of RIDs can provide gain-flattened, broadband
Raman amplifiers without the need for multiple
pumps [5]. The azimuthally asymmetric perturba-
tions to the RID in CO2-laser-induced long-period
fiber gratings (LPFGs) enable wavelength tuning
and attenuation tuning by varying the bend radius
and the azimuthal orientation of the bend direction
[6–9]. Asymmetric perturbations also allow for direc-
tional bend- and load-sensing behaviors [10,11].
The RSD is known to affect both the transmission
properties and the physical properties of optical fi-
bers [12–15]. The presence of residual stresses can
be detrimental in many applications. However, the
careful addition or modification of residual stresses
can also enable numerous new applications. The pre-
sence of residual tensile stresses near the surface of
an optical fiber can lead to cracking and a decreased
lifetime [16,17]. Crack formation can be reduced,
however, if compressive stresses are frozen in near
the surface of the fiber [18]. Stress-induced birefrin-
gence in optical fibers is detrimental to systems
that require low polarization sensitivity [19] or low
polarization-mode dispersion [4,20–22]. However,
residual stresses are necessary to create the high bi-
refringence required for certain types of polarization-
maintaining fibers [4,23]. The relaxation of residual
stresses that results from cleaving a fiber can cause
unexpected changes in performance [24].
The controlled modification of residual stresses en-
ables the fabrication of several types of fiber-based
devices. Changes in the RSD in various fiber types
have been observed in fiber Bragg gratings (FBGs)
[25–27] and LPFGs [28–32] fabricated by various
techniques. RSD modification is also hypothesized
to contribute to the RID changes necessary for beam
expansion in high-power connectors [33].
It is evident that the RID and the RSD have a fun-
damental effect on the performance of optical fibers,
both optically and mechanically. The knowledge of
these fundamental physical properties is necessary
for modeling, design, and evaluation. This need con-
tinues to increase as the demands on optical fibers
and fiber-based devices rise and designs become
more complex. There are several requirements that
must be met by measurement techniques to charac-
terize suitably the RID and the RSD in optical fibers.
First, the techniques must be capable of measuring
three-dimensional distributions without the need to
make assumptions about symmetries or uniformities
in the fiber. Second, the techniques must be suitably
accurate to characterize the small variations in the
RID and the RSD. Third, because the RID and the
RSD are inherently linked by the photoelastic effect,
the techniques must be capable of characterizing
these properties concurrently. The RID and the
RSD must be characterized in the same location of
an optical fiber or fiber-based device to enable accu-
rate comparison. Fourth, the techniques must be
nondestructive. Destructive techniques not only
perturb and destroy the optical fiber or fiber-based
devices, but they also eliminate the possibility of per-
forming concurrent measurements of the RID and
the RSD.
The important requirement for nondestructive
measurements cannot be met by many existing char-
acterization techniques, most notably, techniques
that require access to the end-face of the optical fiber.
However, there are several techniques that exist for
characterizing the RID and the RSD nondestruc-
tively. Interferometric techniques, such as microin-
terferometric optical phase tomography [34,35],
phase-shifting interferometry [36], and dispersive
Fourier-transform spectroscopy [37], can be used
with computed tomography principles to character-
ize three-dimensional RIDs. Photoelastic techniques,
such as polarization-digital-holographic microscopy
[38] and phase-stepping or phase-shifting photoelas-
ticity [39,40], and phase modulation techniques [41],
can be used with computed tomography principles to
characterize three-dimensional RSDs. All of these
techniques, however, require the use of specialized
equipment, such as interference microscopes, multi-
ple waveplates in multiple or single beam paths, and
custom phase modulators. These requirements make
concurrent characterization of the RID and the RSD,
and thus accurate comparison of these properties,
prohibitively difficult.
Quantitative-phase microscopy (QPM) has been
demonstrated to be capable of providing three-
dimensional, concurrent, nondestructive characteri-
zation of the RID and the RSD in optical fibers. QPM
is a noninterferometric technique that enables the
determination of the phase shift produced by the fi-
ber [42]. This technique uses a standard microscope-
based configuration to obtain an in-focus image of the
fiber and two slightly defocused images on either side
of the in-focus position. The phase shift induced by
fiber can be determined by (1) using the defocused
images to estimate the derivative of the intensity
in the beam-propagation direction (longitudinal in-
tensity derivative) and then (2) solving numerically
the transport of intensity equation (TIE) [43]. Com-
puted tomography principles have been used with
this technique to determine azimuthally asymmetric
RIDs [44].
Because the QPM technique enables the deter-
mination of the phase shift, it can also be used to
characterize the RSD bymeasuring directly the retar-
dation produced by an optical fiber [45,46]. This re-
quires a polarizer on the light source to characterize
independently the phase shifts produced by the
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fast and slow indices of the fiber. The difference in the
phase shift produced by the fast and slow indices is
the retardation. However, the determination of the
phase shifts requires the measurement of rela-
tive intensity distributions (in-focus and defocused
images). This is, in general, not as accurate as detect-
ing a minimum of intensity and limits the minimum
detectable retardation. It has been shown that this
technique is limited to detecting retardations on
the order of λ ∕ 10, which is an order of magnitude
higher than the low retardations (on the order of
λ ∕ 100) produced by typical optical fibers [46–48].
The existing techniques for characterizing the RID
and the RSD in optical fibers are not capable of one or
more of the following requirements: (1) measuring
three-dimensional distributions without the need
to make assumptions about symmetries or uniformi-
ties, (2) measuring accurately the small variations in
the RID and the RSD, (3) measuring concurrently the
RID and the RSD, and (4) measuring nondestruc-
tively. Without meeting these requirements, the
existing techniques are limited in providing insight
into the effects of the RID and the RSD on the per-
formance of optical fibers, both optically and me-
chanically, and are limited in providing useful
information for modeling, design, and evaluation.
In this paper, we present a new three-dimensional
index-stress distribution (3DISD) measurement
method to meet all of the requirements for character-
izing the RID and the RSD in optical fibers and fiber-
based devices. This method combines the use of the
QPM technique, the Brace–Köhler compensator
(BKC) technique, and computed tomography princi-
ples. The QPM technique provides measurements of
the phase shift produced by an optical fiber. When
combined with computed tomography principles, this
technique provides accurate characterization of the
three-dimensional RID [44,49–51]. The BKC tech-
nique provides accurate measurements of the low
levels of retardation produced by an optical fiber and,
when combined with computed tomography princi-
ples, provides accurate characterization of the
three-dimensional RSD [47,48]. Furthermore, both
techniques enable the use of a commercial micro-
scope. This feature not only takes advantage of
robust, commercial design, but also enables the con-
current characterization of the RID and the RSD.
The optical fiber does not need to be moved between
separate pieces of equipment to measure both prop-
erties. Therefore, for the first time, an accurate com-
parison of the RID and the RSD and their
interdependence can be made.
The theories, measurement procedures, experi-
mental apparatus, and data analysis techniques for
the BKC technique are discussed in detail in [47,48].
The theories, measurement procedures, experimen-
tal apparatus, and data analysis techniques for the
QPM technique are discussed in Section 2. Also
discussed in this section is the experimental deter-
mination of the optimal measurement parameters
for characterizing optical fibers with the QPM
technique. Improvements to the BKC technique are
discussed in Section 3. Concurrently characterized
RIDs and RSDs in Corning SMF-28 fiber in (1) an
unperturbed section and (2) a section exposed to fo-
cused pulses of carbon-dioxide (CO2) laser radiation
are presented in Section 4. This section also includes
an assessment of the performance of the techniques.
The results are summarized in Section 5.
2. RID Characterization
A. Phase-Shift Measurement
An Olympus BX-60 microscope with additions to en-
able partial measurement automation is used to
implement the QPM technique. A diagram of the re-
levant optical components is shown in Fig. 1. Illumi-
nation is provided by a mercury-arc lamp and a
546 nm interference filter with a FWHM of 10 nm.
The use of an incoherent source eliminates interfer-
ence effects due to the diffraction of a coherent
source, such as an HeNe laser. A strain-free, polariz-
ing condenser and a strain-free 40× objective with a
numerical aperture (NA) of 0.75 provide high-
magnification imaging. The polarizer and condenser
are integrated into one housing, allowing for the
precise alignment of both optical components.
A measurement consists of first placing the fiber
sample in the microscope for transverse illumina-
tion; the direction of the propagation of the illuminat-
ing beam, zm, is normal to the longitudinal axis of the
fiber. The fiber is oriented in the xmym plane at 45°
from the polarizer. The linear polarization of the


























Fig. 1. Configuration of the components of the microscope and a
fiber sample used for the determination of the phase shift pro-
duced by the fiber. Axial rotation of the fiber between measure-
ments is indicated by θf. Focusing and defocusing of the fiber is
achieved by moving the stage plate of the microscope in the
vertical direction, zm.
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split between the principal axes, which are defined
as the longitudinal axis and the radial axis. The
accuracy of the QPM technique is not sufficient to de-
tect the difference in the phase shift induced by the
two orthogonal polarizations in typical optical fibers.
Therefore, a combination of the transverse and long-
itudinal indices is detected.
By assuming that refraction is minimal, the inten-
sity distribution, I, and the phase-shift distribution,
φ, of the light transmitted through the fiber are






 ∇⊥ · I∇⊥φ; (1)
where λ̄ is the mean wavelength of the light source
and ∇⊥  ∂∂xm 
∂
∂ym
[42,44]. The phase shift, φ, is de-
fined as the difference in the phase accumulated by
the light transmitted through the fiber and the phase
accumulated by the light transmitted through the
medium surrounding the fiber. The intensity and
phase-shift distributions are in the transverse plane
of the fiber, or the xmym plane as indicated in Fig. 1.
Therefore, the intensity is observed through the eye-
piece or by the CCDwhen the fiber is in focus and the
longitudinal derivative of the intensity, ∂I ∕ ∂zm, is
observed by defocusing the fiber. Here longitudinal
refers to the direction of propagation of the illuminat-
ing beam in the microscope, zm. Defocusing is
achieved by moving the stage plate of the microscope
in the vertical direction (zm) as indicated in Fig. 1.
Automated focusing and defocusing of the fiber is
achieved by rotating the fine focus knob on the micro-
scope with a computer-controlled rotation stage
(Newport model SR50PP) coupled to the focus knob.
The in-focus intensity distribution is obtained by
capturing an image of the fiber when it is in focus.
The longitudinal derivative of the intensity is ap-
proximated using the central difference formula by
capturing two defocused images of the fiber: one
defocused above and one defocused below the in-
focus position. With these three images, the TIE,
Eq. (1), can be solved numerically for the phase-shift
distribution.
The determination of cross-sectional RIDs re-
quires phase-shift measurements for angular orien-
tations of the fiber, θf , spanning 0 ≤ θf < 180 deg.
The measurements are made at various angles by ro-
tating the fiber about its longitudinal axis within the
microscope. After the first phase-shift measurement
at θf  0, the fiber is rotated by a small amount. The
focus and the positioning of the fiber are checked;
occasionally radial runout requires the fiber to be
refocused and/or recentered within the field of view
(FOV). A phase-shift measurement is then per-
formed at the new rotation angle. The process of
rotating the fiber and performing a measurement is
repeated until the fiber has been rotated 180°. The
fiber is rotated in increments of 2°, which corre-
sponds to 89 phase-shift measurements.
B. RID Determination
Computed tomography principles enable the deter-
mination of the cross-sectional RID from a sequence
of phase-shift profiles obtained over 180° of rotation
of the optical fiber. By inspection of Fig. 2, the phase
shift of a beam passing at an angle θf through the
fiber can be written as







where λ is the wavelength of the light source and
Δnx0; y0  nx0; y0 − noil is the relative refractive
index.
For each rotation angle of the fiber, θf , the Fourier
slice theorem states that the one-dimensional Four-
ier transform of the phase-shift profile, ~Φ, is equal to
a radial slice of the two-dimensional Fourier trans-
form of the cross-sectional RID (multiplied by 2πλ ),
2π
λ Δ ~N. Defining s as the spatial angular frequency,
this theorem is expressed as
~Φs; θf  
2π
λ
Δ ~Ns cos θf ; s sin θf ; (3)
where the coordinates s cos θf ; s sin θf  define a
slice at an angle θf through the spatial angular fre-
quency domain.
With phase-shift profiles spanning 0 ≤ θf
< 180 deg, the entire cross-sectional RID can be de-
termined using this theorem. However, the direct
implementation of Eq. (3) requires the phase-shift
profiles obtained in polar coordinates to be mapped
to rectangular coordinates. This requires interpola-
tion in the spatial angular frequency domain. Inter-
polation of spatial angular frequencies will affect all
points in the real spatial domain, leading to interpo-
lation errors across the entire index distribution. To
avoid frequency-domain interpolation, filtered back-
projection can be used to implement the Fourier slice
theorem [52].
By taking the inverse two-dimensional Fourier









Fig. 2. Configuration of fiber illumination for phase-shift
measurements.
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profiles taken 180° apart are mirror images, the
relative RID can be expressed as











The quantity ~Φs; θf jsj is the Fourier transform of a
measured phase-shift profile multiplied by a ramp in
the spatial angular frequency domain. In practice,
the ramp filter may be modified for better performance
with noisy data. Equation (4) is a form of the inverse
Radon transform and permits the determination of the
cross-sectional RID from phase-shift profiles.
The determination of a cross-sectional RID from
the measured phase-shift distributions requires
three primary steps: (1) the extraction of a single ra-
dial profile of the phase shift from each distribution,
(2) the alignment of the profiles, and (3) the calcula-
tion of the RID. These steps are analogous to the
steps required for the determination of RSDs, which
are discussed in detail in [47,48].
C. Optimal Measurement Parameters
The QPM technique requires the careful selection of
the NA of the condenser and the defocus distance
used to obtain the defocused images of the optical
fiber [53]. The a priori optimal settings for the con-
denser NA and the defocus distance for the charac-
terization of optical fibers are not clear. Furthermore,
tradeoffs exist for selecting these parameters. The
condenser NA affects the coherence of the light that
illuminates the fiber [53]. A higher NA results in less
coherent illumination, which can improve the spatial
resolution of the microscope. However, a lower NA
results in more coherent illumination, which im-
proves the spatial resolution of the longitudinal
intensity derivative, and thus the spatial resolution
of the phase shift. The defocus distance must be
small enough to provide an accurate approximation
of the longitudinal change in the intensity, ∂I ∕ ∂zm,
but it must be large enough to enable the detection
of changes in the intensity in the presence of noise
[53,54]. In addition to degrading the approximation
of ∂I ∕ ∂zm, a larger defocus distance results in the
blurring of the intensity distribution by the increas-
ingly visible effects of diffraction. Reports of the de-
termination of the refractive-index profiles (RIPs)
and the RIDs in fibers specify defocus distances of
2–3 μm with a 40× objective [46,55].
The optimal settings of the condenser NA and the
defocus distance were determined by (1) quantifying
the repeatability of the phase-shift measurements
and (2) assessing qualitatively the resulting RIPs.
As mentioned previously, numerous phase-shift mea-
surements at various angular orientations of the fi-
ber are necessary to use computed tomography
principles to determine RIDs. Accurate determina-
tion of the RIDs requires repeatable phase-shift
measurements. Preliminary measurements were
performed to determine the optimal condenser NA
and the optimal defocus distance for the repeatable
characterization of optical fibers. The relative RIP,
Δnr  nr − noil, of an unperturbed Corning
SMF-28 fiber was characterized. The term relative
is omitted in the remainder of this paper, but all
references to and measurements of RIPs and RIDs
refer to the relative refractive index. The RIP, rather
than the full RID, was determined to assess rapidly
the effect of changing the condenser NA and the de-
focus distance. The fiber was surrounded by a light
mineral oil with an unknown index of refraction with
a value between the indices of the core and the
cladding of the fiber.
Single phase-shift measurements were performed
with condenser NAs of 0.1, 0.2, 0.4, and 0.6 and
defocus distances of 1, 2, and 3 μm. The RIP was cal-
culated from the phase shift using a Fourier-based
algorithm to compute the inverse Abel transform
[56]. A set of 10 identical measurements (referred
to as a measurement set) was performed for each
combination of the condenser NA and the defocus
distance. For each measured RIP, the step-index dif-
ference of the fiber was determined. The step-index
difference is defined as Δns  ncore − nclad, where
ncore is the maximum measured refractive index in
the core region and nclad is the average measured re-
fractive index in the cladding region. The repeatabil-
ity of each combination of the condenser NA and the
defocus distance is assessed by determining the stan-
dard deviation in the step-index difference for each
measurement set.
The standard deviations of the measured step-
index differences are shown in Table 1. In general,
larger defocus distances, which improve the detec-
tion of changes in the intensity in the presence of
noise, provide more repeatable measurements.
While these results indicate that a larger defocus
distance is optimal, the choice of a maximum defocus
distance and the condenser NA is less clear. To deter-
mine the maximum defocus distance and optimal
condenser NA, a qualitative analysis of the RIPs was
performed. It was observed that while the repeatabil-
ity continued to improve for defocus distances
greater than 3 μm, the improvements were small
and accompanied by a more significant degradation
to the spatial resolution of the RIPs. This is a result
of larger defocus distances leading to (1) the degra-
dation of the approximation of ∂I ∕ ∂zm and (2) the
blurring of the intensity distribution by the
increasingly visible effects of diffraction [53,54].
Therefore, 3 μm is determined to be the optimal
defocus distance.
Table 1. Percent Standard Deviation in Δns for 10 Identical
Measurements
NAc
δzm (μm) 0.1 0.2 0.4 0.6
1 5.66% 4.44% 3.63% 5.51%
2 1.94% 2.94% 1.64% 2.14%
3 2.12% 1.07% 1.61% 1.36%
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The average RIPs for each condenser NA and a de-
focus distance of 3 μm are shown in Fig. 3. The pro-
files obtained with low condenser NAs have a less
uniform cladding refractive index than the profiles
obtained with higher NAs. However, the profiles ob-
tained with higher NAs show a more gradual change
at the boundaries between the various regions of the
fiber. These gradual changes indicate that a higher
condenser NA results in a degraded spatial resolu-
tion of the longitudinal intensity derivative, and thus
a degraded spatial resolution of the resulting RIP.
Based on these observations, it is determined that
a condenser NA of 0.4 is necessary to (1) provide
an accurate measurement of the RIP as indicated
by the uniform cladding, and (2) avoid any unneces-
sary degradation in the spatial resolution.
In addition to the requirement of repeatable
phase-shift measurements, accurate determination
of RIDs using computed tomography principles re-
quires repeatable focusing of the optical fiber from
measurement to measurement. The automated con-
trol of the fine focus knob provides repeatable defo-
cusing of the fiber. However, the in-focus position of
the fiber must be found manually. The radial runout
of the fiber during rotation leads to defocusing and
occasionally requires finding a new in-focus position.
Therefore, the effect of variability in finding the
in-focus position was investigated.
The effect of varying the in-focus position, zm0, was
determined by performing measurements with an
intentional error in the in-focus position; the in-focus
position was set intentionally to a position other than
the position of best focus, zm;bf . A set of 12 measure-
ments was performed for each combination of
the condenser NA and the defocus distance: four
measurements with the correct in-focus position
(zm0  zm;bf ), four with the in-focus position offset
by −0.5 μm (zm0  zm;bf − 0.5 μm), and four with
the in-focus position offset by 0.5 μm (zm0  zm;bf
0.5 μm). The defocus distance remained constant for
each measurement set. The standard deviations of
the step-index differences that were measured with
the intentional in-focus position errors are shown in
Table 2. The standard deviations are similar to those
presented in Table 1. Several of the standard devia-
tions for the measurement sets with the intentional
in-focus position error are lower than the measure-
ment sets with a consistent in-focus position. This
result indicates that small variations in the in-focus
position between measurements are negligible for
any setting of the defocus distance and condenser
NA. A consistent defocus distance and condenser
NA from measurement to measurement, rather than
the repeatability of obtaining the best in-focus
position, is the crucial parameter.
3. RSD Characterization
The Olympus BX-60 microscope used for the phase-
shift measurements is also used to implement the
BKC technique. The use of one experimental appara-
tus to perform the measurements is necessary to
characterize concurrently the RID and the RSD. This
eliminates the need to move the optical fiber between
separate pieces of equipment and enables the accu-
rate comparison of the RID and the RSD. The objec-
tive, the orientation of the fiber in the microscope,
and the orientation of the polarizer are the same
for both measurements. Furthermore, the retarda-
tion measurements are made at the same angular
orientations of the fiber used for the phase-shift
measurements (Subsection 2.A). The condenser NA
is set to 0.6 for the retardation measurements, which
is 80% of the objective NA (0.75), to ensure high-
quality Köhler illumination. The theories, measure-
ment procedures, experimental apparatus, and data
analysis techniques for the characterization of RSDs























































Fig. 3. (Color online) Average RIPs of an unperturbed Corning
SMF-28 fiber obtained using the QPM technique with a defocus
distance of 3 μm and various condenser NAs, NAc. Each RIP is
the average of 10 measurements. The error bars indicate the stan-
dard deviation of the average RIP at positions of r  2, 10, 20, 30,
40, 50, 60, and 70 μm. The dotted lines indicate the core radius
(4.1 μm) and the cladding radius (62.5 μm) of a Corning SMF-28
fiber.
Table 2. Percent Standard Deviation in Δns for Measurements
with Intentional In-Focus Position Error
NAc
δzm (μm) 0.1 0.2 0.4 0.6
1 5.14% 4.09% 5.16% 4.94%
2 2.77% 3.83% 2.17% 2.47%
3 1.51% 1.28% 1.19% 1.30%
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using the BKC technique are discussed in detail in
[47,48]. However, two improvements have subse-
quently been made to the experimental apparatus
and the data analysis procedures.
First, the CCD camera used to capture digital
images of the optical fiber is now a QImaging Retiga
1300R configured to capture 12 bit gray-scale images.
Thiscameraoffersanimprovedbitdepth forcapturing
the low-intensity images produced with the BKC
techniqueover thepreviouslyused8 bitCCD[48].Sec-
ond, the procedure for analyzing the captured images
to determine the retardation has changed. The
retardation produced by the fiber is determined for
each angular orientation by analyzing a sequence of
images that records the variation in the intensity
with changing compensator angle. For each pixel,
the compensator angle that produces a minimum of
intensity is determined by fitting the variation in in-
tensitywithannth-orderpolynomialanddetermining
the location of the minimum of the polynomial.
Previously, the order of the polynomial was chosen
based on the standard deviation of the difference
between the fit and the experimental variation in in-
tensity. Typically, a fifth-order polynomial was used.
However, it was determined that while a higher-
order polynomial provided a lower standard devia-
tion, the least-squares fitting technique resulted in a
polynomial that fit to the experimental noise. This
resulted in a greater deviation in the compensator
angle that produces a minimum of intensity, which
subsequently resulted in a greater deviation in the
calculated retardation. A second-order polynomial
is used for the results presented in this paper, which
provides a fit that does not vary with the experimen-
tal noise. The improvement in the deviation in the
measured retardation is discussed in Subsection 4.C.
4. Results
A. Unperturbed Fiber
The RID and the RSD were concurrently character-
ized in an unperturbed Corning SMF-28 fiber. The
relative RID, Δnx; y  nx; y − noil, was measured
using the optimal condenser NA of 0.4 and the opti-
mal defocus distance of 3 μm. The fiber was sur-
rounded by an index matching oil from Cargille
Labs (series AA, nD  1.4580). The measurements
were performed at a room temperature of approxi-
mately 23–24 °C. The RSD was determined as de-
scribed in [47,48] with the improvements discussed
in Section 3. A typical cross-sectional RID–RSD pair
is shown in Fig. 4.
The three-dimensional plot of the RID shows that
the expected step-index profile is reconstructed.
Slightly visible in the three-dimensional plot and
clearly visible in the inset pseudocolor plot of the core
is a region of lower refractive index in the center of
the core. This region is referred to as the center dip or
burn-off region. The decrease in the refractive index
is a consequence of the internal vapor deposition
used to manufacture the core preform [57]. In the
final stage of collapsing the tube to form the core pre-
form, some of the dopant gas is not deposited on the
innermost layer, resulting in a lower index of refrac-
tion in the center of the core. This center dip has been
measured in the same type of fiber by other techni-
ques and indicates sufficient spatial resolution to
characterize this small feature [35,37].
The three-dimensional plot of the RSD agrees well
with the initial measurement reported in [47] and
[48]. This measurement validates the 3DISDmethod
and provides a means to quantify the improvements
discussed in Section 3. The effects of both mechanical
stress and thermal stress are seen in the unper-
turbed fiber and are discussed in detail in [47]. In ad-
dition, the RSD reveals a net tensile stress in the
fiber. Themean axial stress in the unperturbed Corn-
ing SMF-28 fiber is 4.70 MPa, indicating a mean
axial tension [47]. However, in the absence of exter-
nal forces, the mean stress in the fiber should be zero.
The apparent nonzero mean stress has been hy-
pothesized to be caused by the presence of inelastic
Fig. 4. (Color online) Plots of (a) a typical cross-sectional RID and
(b) a typical cross-sectional RSD in an unperturbed Corning SMF-
28 fiber. The inset in (a) is a pseudocolor plot of the core showing
the central dip or burn-off region. The pseudocolor scale on the in-
set ranges from 4 − 7 × 10−3. Line profiles of the RSD (b) are shown
for x  0, 10, 20, 30, 40, and 50 μm.
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strain birefringence that exists in the fiber along
with stress-induced birefringence, which can be
equivalently referred to as elastic strain birefrin-
gence. Stress-induced birefringence arises because
residual stresses remain in the fiber after it is drawn
and without the presence of externally applied forces
[15]. Inelastic strain birefringence is hypothesized
to result from frozen-in viscoelasticity [15,58]. Visco-
elasticity refers to the time- and temperature-
dependent relaxation, or contraction, of the molten
glass during the drawing process. Frozen-in viscoe-
lasticity refers to an incomplete contraction of the
glass during the drawing process. In general, while
the glass is molten, and thus viscoelastic, the glass
contracts more in the transverse direction and less
in the axial direction because of the draw tension.
The glass then solidifies with a positive strain and
thus a positive birefringence. This strain is frozen
into the glass structure independent from the resi-
dual stresses that exist and is thus referred to as
inelastic strain birefringence [15].
The apparent nonzero mean stress was measured
in the unperturbed fiber because both types of bire-
fringence were characterized with the BKCmeasure-
ment technique (or any photoelastic technique) [59].
The measured retardation in the fiber is due to
birefringence. The birefringence is then related to
the stress through the stress-optic law. However,
the stress-optic law is only valid for stress-induced
birefringence. The presence of inelastic strain bire-
fringence also enters into the measured retardation,
and thus it affects the calculated stress. The appar-
ent mean axial tension in the unperturbed fiber is
due to the measurement of not only the stress-
induced birefringence, but also the inelastic strain
birefringence.
Durr et al. showed that if the inelastic strain is as-
sumed to be spatially uniform throughout the fiber,
then its value can be determined experimentally
from the measured mean axial stress [60]. The
inelastic strain determined in this way agreed with
the predicted inelastic strain for fibers drawn with
various draw tensions. This suggests that the actual
residual axial stress in an unperturbed fiber can be
determined by subtracting the mean axial stress
from the measured axial stress.
B. Fiber Exposed to CO2 Laser Radiation
The ability to characterize fibers with azimuthal and
longitudinal variations was verified by characteriz-
ing concurrently the cross-sectional RID and RSD
in a section of Corning SMF-28 fiber exposed from
one side to a focused, 500 ms duration pulse from
a CO2 laser. The fiber was exposed using an LPFG
fabrication apparatus described in [9]. The 500 ms
pulse duration was chosen to match the duration
typically required to fabricate each period of an
operational LPFG.
Pairs of relative RIDs, Δnx; y; z  nx; y; z − noil,
and RSDs, σzx; y; z, at various longitudinal posi-
tions, z, in the exposed section of the fiber are shown
in Fig. 5. The distributions at z  0 μm correspond
approximately to the longitudinal center of the expo-
sure to the focused CO2 laser. The distributions at
z  −150 μm and z  150 μm are approximately
10 μm from the edge of the microscope FOV. The azi-
muthal asymmetry of the RIDs and the RSDs in the
exposed section is clear in Fig. 5. This asymmetry is
expected because of the one-sided exposure to the la-
ser. The arrows below the z  0 distributions in Fig. 5
indicate the direction of the exposure. The absorption
of higher intensities results in more heating on the
side of the fiber facing the exposure, and thus
asymmetric changes are produced.
The asymmetry in the RID is stronger than the
asymmetry in the RSD. This is a result of the differ-
ing processes that produce the changes in the refrac-
tive index and the stress [61]. The changes in the
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Fig. 5. (Color online) Relative RIDs (left column) and RSDs (right
column) at various longitudinal positions in a section of Corning
SMF-28 fiber exposed to a focused, 500 ms duration pulse from
a CO2 laser. The position z  0 corresponds approximately to
the center of the exposure. The fiber diagram indicates the approx-
imate spacing between the longitudinal positions relative to the
fiber diameter. The arrows below the z  0 distributions indicate
the exposure direction.
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refractive index are caused primarily by the densifi-
cation of the fiber on side facing the exposure. This
increase in the density of the glass, and thus the re-
fractive index, is produced by CO2-laser-induced an-
nealing (relaxing) of frozen-in viscoelasticity formed
during the fiber drawing process [58]. The changes in
the stress, however, are caused primarily by the
relaxation of mechanically induced stresses. The me-
chanically induced stresses are relaxed throughout
the fiber revealing the unaffected thermally induced
stresses [28]. These measurements indicate the cap-
ability of the 3DISD method to measure azimuthal
asymmetries and longitudinal variations in the
RID and the RSD of an optical fiber. The effects of
the focused CO2 laser pulses on LPFG fabrication
are discussed in more detail in [61].
C. Assessment of Techniques
As discussed in [48], no absolute standard of compar-
ison for this type of measurement exists. However,
several figures of merit can be used to assess the per-
formance of the presented techniques and apparatus.
These figures of merit also provide a basis of compar-
ison with other techniques as well as for future devel-
opment and improvements. The performance of the
index characterization technique and apparatus is
assessed in a manner analogous to that used for
the stress characterization technique and apparatus
discussed in [48]. The performance is evaluated in
terms of the lateral spatial resolution, the noise
present in the determined phase shift, and the noise
present in the determined RID.
The lateral spatial resolution of the measurement
apparatus, which is determined by imaging optics, is
about 0.58 μm for the phase-shift measurements and
about 0.49 μm for the retardation measurements.
The larger resolution for the phase-shift measure-
ments is a result of the smaller condenser NA. These
resolutions indicate the spatial resolution of the
RIDs and RSDs along the fiber axis; however, the
transverse resolution is affected by the measurement
procedures and computed tomography principles
used to determine the RIDs and RSDs. The blur-
ring of edges with large transitions is caused by the
filtered-backprojection algorithm used to perform
the computed tomography [47,62].
The noise present in the phase shift is determined
from the standard deviation of the phase shift in the
region surrounding the fiber (surrounding-region
phase shift). The average standard deviation of
the surrounding region of all the phase-shift distri-
butions obtained for the unperturbed Corning
SMF-28 fiber is 2.84 nm (at λ  546 nm). This value
provides an estimate of the phase-shift resolution.
The noise present in the RID is obtained by calculat-
ing the standard deviation of the cross-sectional RID
in the region surrounding the fiber. However, only an
annular ring between the outer cladding edge and a
circle inscribing the RID data is considered [48]. The
standard deviation of the RID in the annular-ring re-
gion surrounding the fiber is 2.34 × 10−5. Thus, the
noise in the RID determined with the presented tech-
nique is estimated to be2.34 × 10−5. This value pro-
vides an estimate of the refractive-index resolution.
The performance of the stress characterization
technique was initially reported in [48]. However,
the performance was reassessed after the improve-
ments discussed in Section 3. The noise present in
the retardation is determined from the standard de-
viation of the retardation in the region surrounding
the fiber (surrounding-region retardation). The aver-
age standard deviation of the surrounding region of
all the retardation distributions obtained for the un-
perturbed Corning SMF-28 fiber is 0.013 nm (at
λ  546 nm). This is a 78% improvement from the
0.058 nm obtained from the initial measurement
reported in [47] and [48] (reported as 0.06 nm). The
improvement is attributed to (1) the more appropri-
ate quadratic-polynomial-fit interpolation procedure
discussed in Section 3 and (2) the better performance
of the QImaging CCD camera relative to the camera
reported in [48]. Further analysis of the retardation
distributions reveals a noise level throughout the
fiber that is similar to the noise in the surrounding
region. Therefore, the noise in the retardation deter-
mined with the improved technique and apparatus is
estimated to be 0.013 nm. This value provides an
estimate of the retardation resolution.
The noise present in the RSD is obtained by calcu-
lating the standard deviation of the cross-sectional
RID in the annular-ring region surrounding the fiber.
The standard deviation of the RSD in the annular-
ring region surrounding the fiber is 0.35 MPa. This
is a 68% improvement from the 1.10 MPa obtained
from the initial measurement reported in [48]. This
improvement is also attributed to (1) the more ap-
propriate quadratic-polynomial-fit interpolation
procedure and (2) the better performance of the
QImaging CCD camera. Further analysis of the
RSD reveals a noise level throughout the fiber that
is similar to the noise in the surrounding region.
Thus, the noise in the RSD determined with the
presented technique is estimated to be 0.35 MPa.
This value provides an estimate of the axial stress
resolution.
5. Summary
A 3DISD measurement method for determining con-
currently the three-dimensional RIDs and RSDs in
optical fibers and fiber-based devices has been devel-
oped. The method combines the QPM phase-shift
measurement technique and the BKC retardation
measurement technique and implements them on
a common measurement apparatus. This enables
the accurate measurement of the RID and the RSD
without the need to move the optical fiber between
separate pieces of equipment. A sequence of mea-
surements with various settings of the condenser
NA and the defocus distance reveal that a condenser
NA of 0.4 and a defocus distance of 3 μm are optimal
for characterizing the RID optical fibers with the
current apparatus.
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The 3DISD measurement method was used to
characterize the RID and the RSD in a Corning
SMF-28 fiber in an unperturbed section and a section
exposed to CO2 laser radiation. The measurement of
the RID in the unperturbed section resolved the cen-
ter dip in the core of the fiber that results from
dopant burn off. The measurement of the RSD agrees
well with an initial measurement reported in [47]
and [48]. The measurements of the exposed section
of the fiber provide the first concurrent evidence of
the changes that occur in the RSD and the RID dur-
ing LPFG fabrication. These measurements also va-
lidate the capability to measure small, asymmetric
changes in the RID and the RSD.
An analysis of the region surrounding the fiber was
used to determine the noise in the measured phase
shift, refractive index, retardation and axial stress.
The noise in the phase shift was calculated to be
2.84 nm (at λ  546 nm), and the noise in the
refractive index was calculated to be 2.34 × 10−5.
Similarly, the noise in the retardation was calculated
to be 0.013 nm (at λ  546 nm), and the noise in
the axial stress was calculated to be 0.35 MPa.
While no standard of comparison exists for these
types of measurements, these figures of merit pro-
vide a provide a basis of comparison with other
techniques as well as for future development and
improvements.
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